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1
SYSTEMS AND METHODS FOR
MULTI-HEAD BALANCING IN A STORAGE
DEVICE

CROSS REFERENCE TO RELATED
APPLICATIONS

The present application claims priority to (is a non-provi-
sional of) U.S. Pat. App. No. 61/922,905 entitled “Systems
and Methods for Multi-Head Balancing in Storage System”,
and filed Jan. 2, 2014 by Pan et al. The entirety of the afore-
mentioned provisional patent application is incorporated
herein by reference for all purposes.

FIELD OF THE INVENTION

Systems and method relating generally to data processing,
and more particularly to systems and methods for utilizing
multiple data streams for data recovery from a storage device.

BACKGROUND

Traversing a storage medium using multiple read heads
makes is easier to correctly access data from the storage
medium. However, in some cases, misalignment of the read
heads can introduce considerable interference from adjacent
areas of the storage medium which in some cases may make
the correctly accessing the data more difficult.

Hence, for at least the aforementioned reasons, there exists
a need in the art for advanced systems and methods for pro-
cessing data from a storage medium.

SUMMARY

Systems and method relating generally to data processing,
and more particularly to systems and methods for utilizing
multiple data streams for data recovery from a storage device.

Various embodiments of the present invention provide data
processing systems that include: a first read head, a second
read head, a synthesizer circuit, and a balancing circuit. The
first read head is operable to sense information on a storage
medium and to provide a first output, and the second read
head is operable to sense information on a storage medium
and to provide a second output. The synthesizer circuit is
operable to determine a quality metric based upon a signal to
noise ratio of a first preamble pattern compared with a signal
to noise ratio of a second preamble pattern, and the balancing
circuit operable to generate a composite output as a combi-
nation of the first data set derived from the first output and a
second data set derived from the second output based at least
in part on the quality metric.

This summary provides only a general outline of some
embodiments of the invention. The phrases “in one embodi-
ment,” “according to one embodiment,” in various embodi-
ments*, in one or more embodiments”, “in particular embodi-
ments” and the like generally mean the particular feature,
structure, or characteristic following the phrase is included in
at least one embodiment of the present invention, and may be
included in more than one embodiment of the present inven-
tion. Importantly, such phases do not necessarily refer to the
same embodiment. Many other embodiments of the invention
will become more fully apparent from the following detailed
description, the appended claims and the accompanying
drawings.

BRIEF DESCRIPTION OF THE FIGURES

A further understanding of the various embodiments of the
present invention may be realized by reference to the figures
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which are described in remaining portions of the specifica-
tion. In the figures, like reference numerals are used through-
out several figures to refer to similar components. In some
instances, a sub-label consisting of a lower case letter is
associated with a reference numeral to denote one of multiple
similar components. When reference is made to a reference
numeral without specification to an existing sub-label, it is
intended to refer to all such multiple similar components.

FIG. 1 is a block diagram of a known magnetic storage
medium and sector data scheme;

FIGS. 2a-2b are diagrams showing of multiple tracks of a
storage medium traversed by two read heads, and each of the
tracks including alternating preambles as part of a servo data
region in accordance with various embodiments of the
present invention;

FIG. 3 isa processing circuit able to accept inputs from two
distinct read heads and to balance the received inputs to yield
aunified processing output in accordance with some embodi-
ments of the present invention;

FIGS. 4a-4¢ show component parts of the processing cir-
cuit of FIG. 3 in accordance with various embodiments of the
present invention;

FIG. 5 is a flow diagram showing a method for balanced
processing of multiple streams of data derived from the same
track of a storage medium in accordance with one or more
embodiments of the present invention; and

FIG. 6 shows a storage system that includes a read channel
having multi-head compensation circuitry in accordance with
one or more embodiments of the present invention.

DETAILED DESCRIPTION OF SOME
EMBODIMENTS

Systems and method relating generally to data processing,
and more particularly to systems and methods for utilizing
multiple data streams for data recovery from a storage device.

Turning to FIG. 1, a storage medium 1 is shown with two
exemplary tracks 20, 22 indicated as dashed lines. The tracks
are divided into sectors by servo data written within wedges
19, 18. These wedges include servo data 10 that are used for
control and synchronization of a read/write head assembly
over a desired location on storage medium 1. In particular,
this servo data generally includes a preamble pattern 11 fol-
lowed by a sector address mark 12 (SAM). Sector address
mark 12 may include wedge identification information fol-
lowed by the SAM. Sector address mark 12 is followed by a
Gray code 13, and Gray code 13 is followed by burst infor-
mation 14. Gray code 13 may include track identification
information. It should be noted that while two tracks and two
wedges are shown, hundreds of each would typically be
included on a given storage medium. Further, it should be
noted that a servo data set may have two or more fields of burst
information. Yet further, it should be noted that different
information may be included in the servo fields such as, for
example, repeatable run-out information that may appear
after burst information 14.

Between the servo data bit patterns 10a and 105, a user data
region 16 is provided. User data region 16 includes some
synchronization and header data 90 that includes a preamble
pattern 91 and a head data 92 followed by user data within
user data region 16. Based upon the disclosure provided
herein, one of ordinary skill in the art will recognize a variety
of data that may be included in header data 92.

In operation, storage medium 1 is rotated in relation to a
sensor that senses information from the storage medium. In a
read operation, the sensor would sense servo data from wedge
19 (i.e., during a servo data period) followed by user data
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from a user data region between wedge 19 and wedge 18 (i.e.,
during a user data period) and then servo data from wedge 18.
When reading data in user data region 16, synchronization to
the data is done through use of preamble 91. In a write
operation, the sensor would sense servo data from wedge 19
then write data to the user data region between wedge 19 and
wedge 18. Then, the sensor would be switched to sense a
remaining portion of the user data region followed by the
servo data from wedge 18. Of note, wedges 18, 19 follow arcs
corresponding to the geometry of an arm and pivot as is
known in the art.

Various embodiments of the present invention provide data
processing systems that include: a first read head, a second
read head, a synthesizer circuit, and a balancing circuit. The
first read head is operable to sense information on a storage
medium and to provide a first output, and the second read
head is operable to sense information on a storage medium
and to provide a second output. The synthesizer circuit is
operable to determine a quality metric based upon a signal to
noise ratio of a first preamble pattern compared with a signal
to noise ratio of a second preamble pattern, and the balancing
circuit operable to generate a composite output as a combi-
nation of the first data set derived from the first output and a
second data set derived from the second output based at least
in part on the quality metric. In some cases, the first preamble
pattern is a 27T pattern and the second preamble patternis a3 T
pattern. In various cases, the first preamble pattern is orthogo-
nal to the second preamble pattern.

In some instances of the aforementioned embodiments, the
first read head and the second read head are disposed over the
same target track on a storage medium, and the target track on
the storage medium exhibits the first preamble pattern. In
some cases, a first adjacent track adjacent to one side of the
target track exhibits the second preamble pattern, and a sec-
ond adjacent track adjacent to another side of the target track
exhibits the second preamble pattern.

In various instances of the aforementioned embodiments,
the systems further include: a first energy calculation circuit
operable to calculate an energy of the first data set; and a
second energy calculation circuit operable to calculate an
energy of the second data set. In some such instances, signal
to noise ratio of a first preamble pattern is calculated based
upon the energy of the first data set and the signal to noise
ratio of a second preamble pattern is calculated based upon
the energy of the second data set. In some cases, the energy of
the first data set includes a first preamble energy correspond-
ing to energy from the first preamble pattern, and a second
preamble energy corresponding to energy from the second
preamble pattern; and the energy of the second data set
includes a third preamble energy corresponding to energy
from the first preamble pattern, and a fourth preamble energy
corresponding to energy from the second preamble pattern.

In one or more instances of the aforementioned embodi-
ments, the synthesizer circuit is further operable to determine
a head offset percentage of the first read head based upon a
ratio of a signal to noise ratio of for the first preamble pattern
to the signal to noise ratio for the second preamble pattern for
data derived from the first output. In particular instances of
the aforementioned embodiments, the synthesizer circuit is
further operable to determine a head offset percentage of the
second read head based upon a ratio of a signal to noise ratio
of for the first preamble pattern to the signal to noise ratio for
the second preamble pattern for data derived from the second
output.

In various instances of the aforementioned embodiments,
the data processing system further includes: first analog to
digital converter circuit operable to convert the first output
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into a first series of digital samples synchronous to a clock, a
second analog to digital converter circuit operable to convert
the second output into a second series of digital samples
synchronous to the clock, and a loop feedback circuit. The
loop feedback circuit is operable to generate a clock adjust-
ment for use in modifying the clock. The clock adjustment is
generated based at least in part on a combination of the first
data set and the second data set, where the combination of the
first data set and the second data set is generated based at least
in part on the quality metric.

Other embodiments of the present invention provide stor-
age devices that include: a storage medium, a first read head,
and a second read head. The storage medium includes a target
track, a first adjacent track on one side of the target track, and
asecond adjacent track on another side of the target track. The
target track exhibits a first preamble pattern, and both the first
adjacent track and the second adjacent track exhibit a second
preamble pattern. The first read head is operable to sense
information on a storage medium and to provide a first output,
and the second read head is operable to sense information on
a storage medium and to provide a second output, Both the
first read head and the second read head are disposed over the
target track, and the first output and the second output corre-
spond to information sensed from the target track. In some
instances, the first preamble pattern is orthogonal to the sec-
ond preamble pattern. In particular instances, the first pre-
amble pattern is a 27T pattern and the second preamble pattern
is a 3T pattern.

Various embodiments of the present invention rely on
interference from an alternate preamble written to an adjacent
track of data on a storage medium to determine which head of
a multi-head reader is most accurate, and to balance outputs
from the multiple heads based upon a quality of one head
compared with another. In addition, some embodiments of
the present invention use the quality of one head compared
with another to govern loop feedback and/or coefficient selec-
tion.

Determining the quality of the data provided from one head
or another relies upon alternating preambles between adja-
cent tracks of a storage medium. Turning to FIG. 2a, a dia-
gram 200 shows three tracks 240, 250, 260 on a storage
medium. Also shown are two read heads HD1, HD2 travers-
ing track 250, and thereby sensing information previously
stored on track 250. Read head HD1 is displaced from the
center of track 250 by a lateral distance 222, and read head
HD2 is displaced from the center of track 250 by a lateral
distance 224. In addition, read head HD2 lags read head HD1
by an inline distance 226. In some cases, the distances of one
read head relative to the other read head are substantially fixed
as both heads are fixed to the same read/write head assembly.
Where lateral distance 222 increases and lateral distance 224
decreases, read head HD1 will start to experience greater
interference from the data stored on track 240. Conversely,
where lateral distance 224 increases and lateral distance 222
decreases, read head HD2 will start to experience greater
interference from the data stored on track 260. This interfer-
ence from adjacent tracks decreases the quality of the signal
provided from the read head experiencing the interference
(i.e., the signal of track 250 relative to the signal from an
adjacent track decreases). Turning to FIG. 25, a user data
region 201 of the three tracks 240, 250, 260 is shown. Similar
to conventional art, each of the user data regions includes a
preamble and header data. The preambles alternate between
tracks. In particular, track 240 includes a preamble A 242,
track 250 includes a preamble B 252, and track 260 repeats
the preamble A 262. Preamble A 242 is followed by header
data 244 and user data 246; preamble B 252 is followed by
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header data 254 and user data 256; and preamble A 262 is
followed by header data 264 and user data 266.

Preamble A is specifically designed to operate both for
synchronization purposes, and also to be unmistakable from
preamble B that also serves synchronization purposes. In one
particular embodiment of the present invention, preamble A is
a 2T preamble (i.e., a pattern that repeats every two periods
such as, for example, ‘00110011”), and preamble B is a non-
2T pattern. Such non-2T patterns may include, but are not
limited to, a 3T preamble (i.e., a pattern that repeats every
three periods such as, for example, ‘000111000111°) or a
2.5T preamble (i.e., a pattern that repeats every two and one
half periods such as, for example, ‘0011100111°). Based
upon the disclosure provided herein, one of ordinary skill in
the art will recognize various combinations of patterns that
may be used for preamble A and preamble B in accordance
with different embodiments of the present invention.

As discussed above, where lateral distance 224 increases
and lateral distance 222 decreases, read head HD2 will start to
sense more and more of preamble A of track 260, and the ratio
of the signal derived from preamble B of track 250 and the
signal derived from preamble A of track 260 will decrease
(i.e., there will be a decrease in the signal to noise ratio).
Similarly, where lateral distance 222 increases and lateral
distance 224 decreases, read head HD1 will start to sense
more and more of preamble A of track 240, and the ratio of the
signal derived from preamble B of track 250 and the signal
derived from preamble A of track 240 will decrease. As the
pattern of preamble A is guaranteed to be distinct from the
pattern of preamble B, the interference from one track to the
other is readily detectable and can be reduced to a quality
indication as more fully discussed below.

Turning to FIG. 3, a processing circuit 300 is shown that is
able to accept inputs from two distinct read heads (not shown)
and to balance the respective inputs 308, 318 to yield aunified
processing output 338 in accordance with some embodiments
of'the present invention. Inputs 308, 318 may be derived from
respective read heads disposed in relation to a storage
medium. Based upon the disclosure provided herein, one of
ordinary skill in the art will recognize a variety of sources
from which inputs 308, 318 may be derived.

Processing circuit 300 includes an analog path processing
circuit 310 that processes input 308 to yield a processed signal
312. Processed signal 312 is provided to an offset calculation
circuit 330. Analog path processing circuit 310 may include,
but is not limited to, a preamplifier circuit and an analog front
end circuit including, for example, an analog filter circuit.
Based upon the disclosure provided herein, one of ordinary
skill in the art will recognize a variety of circuitry that may be
included as part of analog path processing circuit 310. In
addition, processing circuit 300 includes an analog path pro-
cessing circuit 320 that processes input 318 to yield a pro-
cessed signal 322. Processed signal 322 is also provided to
offset calculation circuit 330. Analog path processing circuit
320 may be designed similar to that of analog processing
circuit 310.

Offset estimation circuit 330 uses both processed signal
312 and processed signal 322 to determine whether one ofthe
sources from which inputs 308, 318 are derived is receiving a
noisier signal than the other. Where input 308 is a noisier
signal that input 318, offset estimation circuit 330 will gen-
erate a head offset signal 333 indicating a lateral skew (i.e., a
change in lateral distances 222, 224) causing the noise differ-
ence and a quality signal 332 favoring input 318 over input
308. In contrast, where input 318 is a noisier signal that input
308, offset estimation circuit 330 will generate head offset
signal 333 indicating the lateral skew causing the noise dif-
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6

ference and quality signal 332 favoring input 308 over input
318. In addition, offset estimation circuit 330 generates an
inline offset signal 334 (i.e., a signal corresponding to inline
distance 226).

An example implementation of the combination of analog
processing path circuit 310, analog processing path circuit
320 and offset estimation circuit 330 is shown in accordance
with some embodiments of the present invention is shown in
FIG. 4a. Turning to FIG. 44, an implementation 400 includes
a dual path analog processing circuit 497 and an offset esti-
mation circuit 496. When implementation 400 is used in
relation to processing circuit 300, an input 401 is connected to
input 308, an input 411 is connected to input 318, ahead offset
output 428 is connected to head offset signal 333, a quality
metric is connected to quality signal 332, and one of a time
shift 434 or a phase shift 433 is connected to inline offset
signal 334.

Dual path analog processing circuit 497 includes a pream-
plifier 402 that amplifies input 401 to yield an amplified signal
403. Amplified signal 403 is provided to an analog front end
circuit 404 that processes amplified signal 403 to yield a
processed signal 405. Processed signal 405 corresponds to
processed signal 312 of FIG. 3. Analog front end circuit 404
may include, but is not limited to, an analog filtering circuit
(not shown). In addition, dual path analog processing circuit
497 includes a preamplifier 412 that amplifies input 411 to
yield an amplified signal 413. Amplified signal 413 is pro-
vided to an analog front end circuit 414 that processes ampli-
fied signal 413 to yield a processed signal 415. Processed
signal 415 corresponds to processed signal 322 of FIG. 3.
Analog front end circuit 414 may include, but is not limited
to, an analog filtering circuit (not shown).

Offset estimation circuit 496 includes a sync detector cir-
cuit 406 that applies a sync detection algorithm to processed
signal 405, where the sync detection algorithm is dynamically
selected for the particular region of a storage medium from
whichinputs 401, 411 are being received. For example, where
inputs 401, 411 are being read from a track of a storage
medium using a preamble A (see FIG. 2b above), then sync
detector circuit 406 is dynamically tuned to look for preamble
A. On the other hand, where inputs 401, 411 are being read
from a track of a storage medium using a preamble B (see
FIG. 25 above), then sync detector circuit 406 is dynamically
tuned to look for preamble B. Using a specific example where
preamble A is a 2T preamble and preamble B is a 3T pre-
amble, where inputs 401, 411 are being read from a track of a
storage medium using a 27T pattern, then sync detector circuit
406 is dynamically tuned to look for 2T pattern. In contrast,
where inputs 401, 411 are being read from a track of a storage
medium using a 3T pattern, then sync detector circuit 406 is
dynamically tuned to look for 3T pattern. In addition, offset
estimation circuit 496 includes a sync detector circuit 416 that
looks for a defined preamble pattern in processed signal 415.
Sync detector circuit 416 is the same as sync detector circuit
406, and is dynamically tuned to detect the same preamble as
sync detector circuit 406. When sync detector circuit 406
identifies the preamble pattern corresponding to the particular
region from which input 401 is being derived in processed
signal 405, it provides a time stamp 407 indicating a time at
which the pattern was detected. Similarly, when sync detector
circuit 416 identifies the same pattern queried by sync detec-
tor circuit 406 in processed signal 415, it provides a time
stamp 417 indicating a time at which the pattern was detected.

Offset estimation circuit 496 also includes a preamble
energy estimator circuit 408 that is operable to estimate the
overall energy in processed signal 405, and to estimate the
portion of the overall energy corresponding to the preamble A
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and the portion of the overall energy corresponding to the
preamble B. Where, for example, preamble A is a 2T pattern
and preamble B is a 3T pattern, the resolution for the energy
computations will be 12T, where T indicates a period. The
energy computations may be done using any energy compu-
tation approach known in the art. The computed overall
energy is provided as an overall energy output 422 to a quality
and off-track synthesizer circuit 420, the energy from pre-
amble A is provided as an preamble A energy output 424 to
quality and off-track synthesizer circuit 420, and the energy
from preamble B is provided as an preamble B energy output
426 to quality and oft-track synthesizer circuit 420. In addi-
tion, preamble energy estimator circuit 408 provides a phase
output 409 that indicates a phase where overall energy 422 is
a maximum.

Similar to preamble energy estimator circuit 408, a pre-
amble energy estimator circuit 418 is operable to estimate the
overall energy in processed signal 415, and to estimate the
portion of the overall energy corresponding to the preamble A
and the portion of the overall energy corresponding to the
preamble B. The computed overall energy is provided as an
overall energy output 421 to a quality and off-track synthe-
sizer circuit 420, the energy from preamble A is provided as
an preamble A energy output 423 to quality and off-track
synthesizer circuit 420, and the energy from preamble B is
provided as an preamble B energy output 425 to quality and
off-track synthesizer circuit 420. In addition, preamble
energy estimator circuit 418 provides a phase output 419 that
indicates a phase where overall energy 421 is a maximum.

Quality and off-track synthesizer circuit 420 calculates a
signal to noise ratio for each of processed signal 405 and
processed signal 415. In particular, where the expected pre-
amble is preamble A, quality and off-track synthesizer circuit
420 calculates the signal to noise ratios in accordance with the
following equations:

Preamble Energy A 424 g
Overall Energy 422 an

Preamble Energy A 423
Overall Energy 421

Preamble A SNR of Input 401 =

Preamble A SNR of Input 411 =

In contrast, where the expected preamble is preamble B,
quality and off-track synthesizer circuit 420 calculates the
signal to noise ratios in accordance with the following equa-
tions:

Preamble Energy B 426
Overall Energy 422

Preamble Energy B 425
Overall Energy 421 ~

Preamble B.SNR of Input 401 =

Preamble B.SNR of Input 411 =

It should be noted that in some cases, it is not necessary to
know beforehand whether the region being accessed has a
preamble A or a preamble B as quality and off-track synthe-
sizer circuit 420 may simply calculate the signal to noise ratio
for both preambles, and the preamble that yields the highest
signal to noise ratio is selected as the actual preamble for the
region. The ratio of the signal to noise ratio for the actual
preamble to the signal to signal noise ratio for the adjacent
preamble corresponds to how much percentage the head from
which the signal is derived is off track. Thus, where for
example the actual preamble is preamble A and the adjacent
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preamble is preamble B, a head offset for the two paths may
be calculated in accordance with the following equations:

Preamble A SNR of Input 401

Offset of Input 401 = G e B SNR of Tnpur 401°

Preamble A SNR of Input 411

Offset of Input 411 = .
set ot tapd Preamble B SNR of Input 411

Because the two heads (i.e., the head from which input 401 is
derived and the head from which input 411 is derived) move
laterally together, the aforementioned offset values move
together. In particular, as the head from which input 401 is
derived moves toward the adjacent preamble (in this example
preamble B), the value of the offset for input 401 will
decrease. As this happens, the head from which input 411 is
derived moves more toward the center of the region of pre-
amble A and exhibits less interference from preamble B. As
such, the value of the offset for input 411 will increase. The
reverse is true where the head from which input 411 is derived
moves toward the adjacent preamble (in this example pre-
amble B), the value of the offset for input 411 will decrease.
As this happens, the head from which input 401 is derived
moves more toward the center of the region of preamble A and
exhibits less interference from preamble B. As such, the value
of'the offset for input 401 will increase. Head offset estimate
428 is a composite of the offset for input 401 and the offset for
input 411. In addition to other uses discussed herein, this head
offset information may be used to adjust the head locations.

Quality and off-track synthesizer circuit 420 determines
quality metric 427 based upon a comparison of the signal to
noise ratio for one preamble for input 401 and the signal to
noise ratio for the other preamble for input 411. As an
example, where the actual preamble is a 2T preamble and the
adjacent preamble is a 3T preamble, quality metric 427 is
determined by comparing the signal to noise ratio of input 401
for the 2T preamble with the signal to noise ratio of input 411
for the 3T path. The larger of the aforementioned signal to
noise ratios indicates a better signal quality, and the data from
the input with the higher signal to noise ratio is indicated by
quality metric 427 and used as the main signal path for loop
adaptation.

Phase output 409, phase output 419, time stamp 407, and
time stamp 417 are provided to a head offset estimation
circuit 430. Head offset estimation circuit 430 provides indi-
cators corresponding to the inline separation between the
head from which input 401 is derived and the head from
which input 411 is derived (e.g., inline distance 226). In
particular, head offset estimation circuit 430 calculates time
shift 434 and phase shift 433 inaccordance with the following
equations:

Time Shift 434=Time Stamp 407-Time Stamp 417;
and

Phase Shift 434=Phase Stamp 409—Phase Stamp 419.

Returning to FIG. 3, quality signal 332, head offset signal
333, and inline offset signal 334 are provided to a dual source
ADC and equalizer circuit 336 where they are used in apply-
ing analog to digital conversion and equalization to process-
ing signal 312 and processing signal 322 to yield unified
processing output 338. An example implementation of a dual
source ADC and equalizer circuit 336 is shown in accordance
with some embodiments of the present invention is shown in
FIG. 4b. Turning to FIG. 4b, an implementation 498 is shown.
Where implementation 498 is used in place of dual source
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ADC and equalizer circuit 336, an input 405 is connected to
processed signal 312, an input 415 is connected to processed
signal 322, and an equalized data 471 is connected to unified
processing output 338. Implementation 498 includes an ana-
log to digital converter circuit 440 that converts input 405 into
a series of digital samples 441 synchronous to a sampling
clock corrected by a loop sample adjustment 486, and an
analog to digital converter circuit 450 that converts input 415
into a series of digital samples 451 synchronous to the sam-
pling clock. Analog to digital converter circuits 440, 450 may
be any circuits known in the art that is capable of producing
digital samples corresponding to an analog input signal.
Based upon the disclosure provided herein, one of ordinary
skill in the art will recognize a variety of analog to digital
converter circuits that may be used in relation to different
embodiments of the present invention.

A FIFO based alignment circuit 442 aligns digital samples
441 with digital samples 451 using time shift 434 to yield
aligned samples 443. This alignment compensates for the fact
that the head from which input 405 is derived leads the head
from which input 415 is derived by a fixed distance (e.g.,
inline distance 226) represented by time shift 434. In other
cases, phase shift 433 may be used to govern the alignment
process. FIFO based alignment circuit 442 may be any circuit
known in the art that is capable of time shifting samples based
upon an offset input.

Aligned samples 443 are provided to an equalizer circuit
444 that applies an equalization algorithm governed by coef-
ficients 495 to yield an equalized output 445. Similarly, digi-
tal samples 451 are provided to an equalizer circuit 454 that
applies an equalization algorithm governed by coefficients
496 to yield an equalized output 455. In some embodiments
of'the present invention, equalizer circuits 444, 454 are digital
finite impulse response filter circuits as are known in the art.
Equalized output 445 is provided to a multiplier circuit 446
where it is multiplied by quality metric 427 to yield a product
447, and equalized output 455 is provided to a multiplier
circuit 456 where it is multiplied by quality metric 427 to
yield a product 457. As one example, where the head from
which input 405 is derived is substantially off-track as deter-
mined by quality and off-track synthesizer circuit 420, the
value of quality metric 427 provided to multiplier circuit 446
is zero and the value of quality metric 427 provided to mul-
tiplier circuit 456 is one. Alternatively, where the head from
which input 415 is derived is substantially off-track as deter-
mined by quality and off-track synthesizer circuit 420, the
value of quality metric 427 provided to multiplier circuit 446
is one and the value of quality metric 427 provided to multi-
plier circuit 456 is zero. Where one head or the other is only
slightly off-track determined by quality and off-track synthe-
sizer circuit 420 a weighted balance is applied with, for
example, the value being provided to the multiplier circuit
corresponding to the head that is slightly off-track receiving a
value of 0.3 for quality metric 427, and the other multiplier
circuit receiving the residual value of 0.7. Where the signal to
noise ratios of both of the heads are similar, of value of 0.5 for
the quality metric is provided to each of multiplier circuit 446
and multiplier circuit 456. Products 447, 457 are each pro-
vided to a summation circuit 449 where they are added to
yield equalized data 471. This addition yields a weighted
average between equalized output 445 and equalized output
455 with the weighting in the average derived from the values
of quality metric 427.

Where one head or the other is off-track, coefficients 495,
496 used by equalizer circuit 444 and equalizer circuit 454
may need additional adjustment to compensate. To provide
such compensation, pre-calculated initial coefficients may be
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used. In one particular case, a zero percent off-track coeffi-
cient set 462, 463; a five percent off-track coefficient set 464,
465; a ten percent off-track coefficient set 466, 467; and a
fifteen percent off-track coefficient set 468, 469 may be avail-
able and provided to respective initial coefficient selection
circuits 460, 461 from a coefficient memory 470. Based upon
head offset estimate 428, the coefficient set corresponding to
the head offset may be selected and provided as coefficients
495 and coefficients 496. For example, where head offset
estimate 428 indicates that neither head is experiencing sig-
nificant interference from an adjacent preamble pattern, coef-
ficients 495 are selected to be zero percent off-track coeffi-
cient set 462 and coefficients 496 are selected to be zero
percent off-track coefficient set 463. As another example,
where head offset estimate 428 indicates that the head from
which input 405 is derived is ten percent off track and the head
from which input 415 is derived is on track, coefficients 495
are selected to be ten percent off-track coefficient set 466 and
coefficients 496 are selected to be zero percent off-track coef-
ficient set 463. As yet another example, where head offset
estimate 428 indicates that the head from which input 415 is
derived is five percent off track and the head from which input
405 is derived is on track, coefficients 495 are selected to be
zero percent off-track coefficient set 462 and coefficients 496
are selected to be five percent off-track coefficient set 465. It
should be noted that initial coefficient selection circuits 460,
461 may be augmented to allow for interpolation between
coefficient sets to allow for finer resolution. For example,
where head offset estimate 428 indicates that the head from
which input 405 is derived is eight percent off-track, an inter-
polation between five percent off-track coefficient set 464 and
ten percent off-track coefficient set 466 may be performed to
yield coefficients 495. Allowing for pre-calculated coeffi-
cients tailored for different off-track conditions provides for
faster equalization convergence.

Referring again to FIG. 3, unified processing output 338 is
stored to a sample buffer circuit 375 that includes sufficient
memory to maintain one or more codewords until processing
of'that codeword is completed through a data detector circuit
325 and a data decoder circuit 350 including, where war-
ranted, multiple “global iterations™ defined as passes through
both data detector circuit 325 and data decoder circuit 350
and/or “local iterations” defined as passes through data
decoding circuit 350 during a given global iteration. Sample
buffer circuit 375 stores the received data as buffered data
377.

Data detector circuit 325 may be any data detector circuit
known in the art that is capable of producing a detected output
327. As some examples, data detector circuit 325 may be, but
is not limited to, a Viterbi algorithm detector circuit or a
maximum a posteriori detector circuit as are known in the art.
Based upon the disclosure provided herein, one of ordinary
skill in the art will recognize a variety of data detector circuits
that may be used in relation to different embodiments of the
present invention. Detected output 325 may include both hard
decisions and soft decisions. The terms “hard decisions” and
“soft decisions™ are used in their broadest sense. In particular,
“hard decisions™ are outputs indicating an expected original
input value (e.g., a binary ‘1’ or ‘0’, or a non-binary digital
value), and the “soft decisions” indicate a likelihood that
corresponding hard decisions are correct. Based upon the
disclosure provided herein, one of ordinary skill in the art will
recognize a variety of hard decisions and soft decisions that
may be used in relation to different embodiments of the
present invention.

Detected output 327 is provided to a central queue memory
circuit 360 that operates to buffer data passed between data
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detector circuit 325 and data decoder circuit 350. When data
decoder circuit 350 is available, data decoder circuit 350
receives detected output 327 from central queue memory 360
asadecoder input 356. Data decoder circuit 350 applies a data
decoding algorithm to decoder input 356 in an attempt to
recover originally written data. Data decoder circuit 350 may
be, for example, a low density parity check decoder circuit.
Based upon the disclosure provided herein, one of ordinary
skill in the art will recognize a variety of data decoder circuits
that may be used in relation to different embodiments of the
present invention.

The result of the data decoding algorithm is provided as a
decoded output 354. Similar to detected output 327, decoded
output 354 may include both hard decisions and soft deci-
sions. For example, data decoder circuit 350 may be any data
decoder circuit known in the art that is capable of applying a
decoding algorithm to a received input. Data decoder circuit
350 may be, but is not limited to, a low density parity check
decoder circuit or a Reed Solomon decoder circuit as are
known in the art. Based upon the disclosure provided herein,
one of ordinary skill in the art will recognize a variety of data
decoder circuits that may be used in relation to different
embodiments of the present invention. Where the original
datais recovered (i.e., the data decoding algorithm converges)
or a timeout condition occurs, data decoder circuit 350 pro-
vides the result of the data decoding algorithm as a data output
374. Data output 374 is provided to a hard decision output
circuit 396 where the data is reordered before providing a
series of ordered data sets as a data output 398.

One or more iterations through the combination of data
detector circuit 325 and data decoder circuit 350 may be made
in an effort to converge on the originally written data set.
Processing through both the data detector circuit and the data
decoder circuit is referred to as a “global iteration”. For the
first global iteration, data detector circuit 325 applies the data
detection algorithm without guidance from a decoded output.
For subsequent global iterations, data detector circuit 325
applies the data detection algorithm to buffered data 377 as
guided by decoded output 354. Decoded output 354 is
received from central queue memory 360 as a detector input
329.

During each global iteration it is possible for data decoder
circuit 350 to make one or more local iterations including
application of the data decoding algorithm to decoder input
356. For the first local iteration, data decoder circuit 350
applies the data decoder algorithm without guidance from a
decoded output 352. For subsequent local iterations, data
decoder circuit 350 applies the data decoding algorithm to
decoder input 356 as guided by a previous decoded output
352. In some embodiments of the present invention, a default
of ten local iterations is allowed for each global iteration.

In addition, a loop circuit 305 is used to, among other
things, modify the sampling clock for the analog to digital
converter circuits of dual source ADC and equalizer circuit
336. Loop circuit 305 includes a slope determination circuit
388 operable to determine a slope of digital samples 386
derived from input 318 to yield a slope 392, and a slope
determination circuit 387 operable to determine a slope of
digital samples 385 derived from input 308. Where, for
example, implementation 498 of dual source ADC and equal-
izer circuit 336 is used, digital samples 385 correspond to
digital samples 441 and digital samples 386 correspond to
digital samples 451 to yield a slope 391. Slope determination
circuits 387, 388 may be any circuit known in the art for
determining slope based upon an input data set. In addition,
loop circuit 305 includes a loop error circuit 390 operable to
determine a loop error from digital samples 386 derived from
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input 318 to yield a loop feedback 395, and a loop error circuit
389 operable to determine a loop error from digital samples
385 derived from input 308 to yield a loop feedback 393.
Loop error circuits 389, 390 may be any circuit known in the
art for determining a loop error based upon an input data set.

Slope 391, slope 392, digital samples 385, digital samples
386, loop feedback 393 and loop feedback 395 are provided
to a combined error calculation circuit 397 that is operable to
calculate an error feedback value 302 by combining informa-
tion from input 308 and input 318. An example implementa-
tion of combined error calculation circuit 397 is shown in
accordance with some embodiments of the present invention
is shown in FIG. 4¢. Turning to FIG. 4¢, an implementation
499 is shown. Where implementation 499 is used in place of
combined error calculation circuit 397, input 441 is con-
nected to digital samples 385, input 451 is connected to
digital samples 386, an input 473 is connected to loop feed-
back 393, an input 475 is connected to loop feedback 395, an
input 476 is connected to slope 391, an input 478 is connected
to slope 392, and loop sample adjust 486 is connected to error
feedback value 302. Input 441 and input 473 are added by a
summation circuit 472 to yield a result 481, and result 481 is
multiplied by input 476 by a multiplier circuit 477 to yield a
product 483. Input 451 and input 475 are added by a summa-
tion circuit 474 to yield a result 421, and result 482 is multi-
plied by input 478 by a multiplier circuit 479 to yield a
product 484. An error combiner circuit 485 combines product
483 with product 484 in a proportion controlled by quality
metric 427 to yield loop sample adjust 486. The combining of
product 483 and product 484 to yield loop sample adjust 486
may be done similar to that discussed above in relation to FI1G.
4b where equalized output 445 and equalized output 445 are
combined in a proportion dictated by quality metric 427.

Turning to FIG. 5, a flow diagram 500 shows a method for
balanced processing of multiple streams of data derived from
the same track of a storage medium in accordance with one or
more embodiments of the present invention. Following flow
diagram 500, data is received from two different read head
(blocks 504, 505). Analog processing is applied to the data
from each of the respective read heads to yield respective
processed outputs (blocks 509, 510). Sync detection is per-
formed on each of the processed outputs, and when a sync
mark is found, a time stamp indicating the sync location is
provided (blocks 514, 513). In addition, the energy of the
actual preamble and the adjacent preamble is calculated
(blocks 512, 515). Using the estimated energies and the time
stamps of the sync marks, a quality metric, a head offset and
a time shift are calculated (block 520). These calculations/
determinations may be done similar to that set forth above in
relation to FIGS. 3 and 4a.

Dual source analog to digital conversion and equalization
is performed to yield an equalized output (block 525). This
processing relies on the quality metric and the head offset as
discussed above in relation to FIGS. 3 and 4. Dual source
loop based sampling adjustment is performed to modify the
sampling clock used during the analog to digital conversion
(block 530). This process may be performed similar to that
discussed above in relation to FIGS. 3 and 4c¢. In addition, a
data processing algorithm is applied to the equalized output to
yield a data output (block 535). This data processing may be
performed similar to that discussed above in relation to FIG.
3.

Turning to FIG. 6, a storage system 600 is shown that
includes a read channel 610 having multi-head compensation
circuitry in accordance with one or more embodiments of the
present invention. Storage system 600 may be, for example, a
hard disk drive. Storage system 600 also includes a pream-
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plifier 670, an interface controller 620, a hard disk controller
666, a motor controller 668, a spindle motor 672, a disk
platter 678, and a read/write head 676. Read/write head 676
includes multiple individual read heads each sensing data on
a given track of disk platter 678. Interface controller 620
controls addressing and timing of data to/from disk platter
678, and interacts with a host controller (not shown). The data
on disk platter 678 consists of groups of magnetic signals that
may be detected by read/write head assembly 676 when the
assembly is properly positioned over disk platter 678. In one
embodiment, disk platter 678 includes magnetic signals
recorded in accordance with either a longitudinal or a perpen-
dicular recording scheme.

In a typical read operation, read/write head 676 is accu-
rately positioned by motor controller 668 over a desired data
track on disk platter 678. Motor controller 668 both positions
read/write head 676 in relation to disk platter 678 and drives
spindle motor 672 by moving read/write head assembly 676
to the proper data track on disk platter 678 under the direction
of hard disk controller 666. Spindle motor 672 spins disk
platter 678 at a determined spin rate (RPMs). Once read/write
head 676 is positioned adjacent the proper data track, mag-
netic signals representing data on disk platter 678 are sensed
by read/write head 676 as disk platter 678 is rotated by spindle
motor 672. The sensed magnetic signals are provided as a
continuous, minute analog signal representative of the mag-
netic data on disk platter 678. This minute analog signal is
transferred from read/write head 676 to read channel circuit
610 via preamplifier 670. Preamplifier 670 is operable to
amplify the minute analog signals accessed from disk platter
678. In turn, read channel circuit 610 decodes and digitizes
the received analog signal to recreate the information origi-
nally written to disk platter 678. This data is provided as read
data 603 to a receiving circuit. A write operation is substan-
tially the opposite of the preceding read operation with write
data 601 being provided to read channel circuit 610. This data
is then encoded and written to disk platter 678.

The data streams developed from each of the read heads of
read/write head 676 are compared to determine its respective
quality compared with streams derived from other of the read
heads of read/write head 676. Based upon this quality, the
streams from the multiple read heads are combined in a bal-
anced manner to yield a combination signal to which addi-
tional data processing is applied. Disk platter 678 may
include alternating preambles similar to that discussed above
in relation to FIG. 2. A data processing circuit similar to that
discussed above in relation to FIGS. 3-4 may be included in
read channel 610. Further, the processing may be performed
similar to that discussed above in relation to FIG. 5.

It should be noted that storage system 600 may be inte-
grated into a larger storage system such as, for example, a
RAID (redundant array of inexpensive disks or redundant
array of independent disks) based storage system. Such a
RAID storage system increases stability and reliability
through redundancy, combining multiple disks as a logical
unit. Data may be spread across a number of disks included in
the RAID storage system according to a variety of algorithms
and accessed by an operating system as if it were a single disk.
For example, data may be mirrored to multiple disks in the
RAID storage system, or may be sliced and distributed across
multiple disks in a number of techniques. If a small number of
disks in the RAID storage system fail or become unavailable,
error correction techniques may be used to recreate the miss-
ing data based on the remaining portions of the data from the
other disks in the RAID storage system. The disks in the
RAID storage system may be, but are not limited to, indi-
vidual storage systems such as storage system 600, and may
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belocated in close proximity to each other or distributed more
widely for increased security. In a write operation, write data
is provided to a controller, which stores the write data across
the disks, for example by mirroring or by striping the write
data. In a read operation, the controller retrieves the data from
the disks. The controller then yields the resulting read data as
if the RAID storage system were a single disk.

A data decoder circuit used in relation to read channel
circuit 610 may be, but is not limited to, a low density parity
check (LDPC) decoder circuit as are known in the art. Such
low density parity check technology is applicable to trans-
mission of information over virtually any channel or storage
of'information on virtually any media. Transmission applica-
tions include, but are not limited to, optical fiber, radio fre-
quency channels, wired or wireless local area networks, digi-
tal subscriber line technologies, wireless cellular, Ethernet
over any medium such as copper or optical fiber, cable chan-
nels such as cable television, and Earth-satellite communica-
tions. Storage applications include, but are not limited to,
hard disk drives, compact disks, digital video disks, magnetic
tapes and memory devices such as DRAM, NAND flash,
NOR flash, other non-volatile memories and solid state
drives.

In addition, it should be noted that storage system 600 may
be modified to include solid state memory that is used to store
data in addition to the storage offered by disk platter 678. This
solid state memory may be used in parallel to disk platter 678
to provide additional storage. In such a case, the solid state
memory receives and provides information directly to read
channel circuit 610. Alternatively, the solid state memory
may be used as a cache where it offers faster access time than
that offered by disk platted 678. In such a case, the solid state
memory may be disposed between interface controller 620
and read channel circuit 610 where it operates as a pass
through to disk platter 678 when requested data is not avail-
able in the solid state memory or when the solid state memory
does not have sufficient storage to hold a newly written data
set. Based upon the disclosure provided herein, one of ordi-
nary skill in the art will recognize a variety of storage systems
including both disk platter 678 and a solid state memory.

It should be noted that the various blocks discussed in the
above application may be implemented in integrated circuits
along with other functionality. Such integrated circuits may
include all of the functions of a given block, system or circuit,
ora subset of the block, system or circuit. Further, elements of
the blocks, systems or circuits may be implemented across
multiple integrated circuits. Such integrated circuits may be
any type of integrated circuit known in the art including, but
are not limited to, a monolithic integrated circuit, a flip chip
integrated circuit, a multichip module integrated circuit, and/
or a mixed signal integrated circuit. It should also be noted
that various functions of the blocks, systems or circuits dis-
cussed herein may be implemented in either software or firm-
ware. In some such cases, the entire system, block or circuit
may be implemented using its software or firmware equiva-
lent. In other cases, the one part of a given system, block or
circuit may be implemented in software or firmware, while
other parts are implemented in hardware.

In conclusion, the invention provides novel systems,
devices, methods and arrangements for data processing.
While detailed descriptions of one or more embodiments of
the invention have been given above, various alternatives,
modifications, and equivalents will be apparent to those
skilled in the art without varying from the spirit of the inven-
tion. Therefore, the above description should not be taken as
limiting the scope of the invention, which is defined by the
appended claims.
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What is claimed is:

1. A data processing system, the system comprising:

afirst read head operable to sense information on a storage
medium and to provide a first output;

a second read head operable to sense information on a
storage medium and to provide a second output;

a synthesizer circuit operable to determine a quality metric
based upon a signal to noise ratio of a first preamble
pattern compared with a signal to noise ratio of a second
preamble pattern; and

a balancing circuit operable to generate a composite output
as a combination of a first data set derived from the first
output and a second data set derived from the second
output based at least in part on the quality metric.

2. The data processing circuit of claim 1, wherein the first
preamble pattern is a 27T pattern and the second preamble
pattern is a 3T pattern.

3. The data processing circuit of claim 1, wherein the first
read head and the second read head are disposed over the
same target track on the storage medium, and wherein the
target track on the storage medium exhibits the first preamble
pattern.

4. The data processing circuit of claim 3, wherein a first
adjacent track adjacent to one side of the target track exhibits
the second preamble pattern, and wherein a second adjacent
track adjacent to another side of the target track exhibits the
second preamble pattern.

5. The data processing system of claim 1, the system fur-
ther comprising:

a first energy calculation circuit operable to calculate an

energy of the first data set; and

a second energy calculation circuit operable to calculate an
energy of the second data set.

6. The data processing system of claim 5, wherein the
signal to noise ratio of a first preamble pattern is calculated
based upon the energy of the first data set and the signal to
noise ratio of a second preamble pattern is calculated based
upon the energy of the second data set.

7. The data processing system of claim 5, wherein the
energy of the first data set includes a first preamble energy
corresponding to energy from the first preamble pattern, and
a second preamble energy corresponding to energy from the
second preamble pattern; and wherein the energy of the sec-
ond data set includes a third preamble energy corresponding
to energy from the first preamble pattern, and a fourth pre-
amble energy corresponding to energy from the second pre-
amble pattern.

8. The data processing system of claim 1, wherein the
synthesizer circuit is further operable to determine a head
offset percentage of the first read head based upon a ratio of a
signal to noise ratio of for the first preamble pattern to the
signal to noise ratio for the second preamble pattern for data
derived from the first output.

9. The data processing system of claim 1, wherein the
synthesizer circuit is further operable to determine a head
offset percentage of the second read head based upon a ratio
of'a signal to noise ratio of for the first preamble pattern to the
signal to noise ratio for the second preamble pattern for data
derived from the second output.

10. The data processing system of claim 1, wherein the data
processing system further comprises:

afirst analog to digital converter circuit operable to convert
the first output into a first series of digital samples syn-
chronous to a clock;

a second analog to digital converter circuit operable to
convert the second output into a second series of digital
samples synchronous to the clock; and
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a loop feedback circuit operable to generate a clock adjust-
ment for use in moditying the clock, wherein the loop
feedback circuit generates the clock adjustment based at
least in part on a combination of the first data set and the
second data set, and wherein the combination of the first
data set and the second data set is generated based at
least in part on the quality metric.

11. The data processing system of claim 1, wherein the data
processing system is implemented as part of an integrated
circuit.

12. The data processing system of claim 1, wherein the data
processing system is implemented as part of a storage device,
and wherein the storage device, and wherein the storage
device includes:

a storage medium disposed in relation to the first read head
and the second read head, wherein the storage medium
includes a target track, a first adjacent track on one side
of the target track, and a second adjacent track on
another side of the target track, and wherein the target
track exhibits the first preamble pattern, and wherein
both the first adjacent track and the second adjacent
track exhibit the second preamble pattern.

13. The data processing system of claim 1, wherein the first
preamble pattern is orthogonal to the second preamble pat-
tern.

14. A storage device, the storage device comprising:

a storage medium including a target track, a first adjacent
track on one side of the target track, and a second adja-
cent track on another side of the target track, and wherein
the target track exhibits a first preamble pattern, and
wherein both the first adjacent track and the second
adjacent track exhibit a second preamble pattern;

a first read head operable to sense information on a storage
medium and to provide a first output;

a second read head operable to sense information on a
storage medium and to provide a second output;

wherein both the first read head and the second read head
are disposed over the target track, and the first output and
the second output correspond to information sensed
from the target track; and

a synthesizer circuit operable to determine a quality metric
based upon a signal to noise ratio of a first preamble
pattern compared with a signal to noise ratio of a second
preamble pattern.

15. The storage device of claim 14, wherein the first pre-

amble pattern is orthogonal to the second preamble pattern.

16. The storage device of claim 14, wherein the first pre-
amble pattern is a 27T pattern and the second preamble pattern
is a 3T pattern.

17. The storage device of claim 14, the storage device
further comprising:

a balancing circuit operable to generate a composite output
as a combination of the first data set derived from the first
output and a second data set derived from the second
output based at least in part on the quality metric.

18. The storage device of claim 17, the storage device

further comprising:

a first energy calculation circuit operable to calculate an
energy of the first data set; and

a second energy calculation circuit operable to calculate an
energy of the second data set.

19. The storage device of claim 18, wherein the signal to
noise ratio of a first preamble pattern is calculated based upon
the energy of the first data set and the signal to noise ratio of
asecond preamble pattern is calculated based upon the energy
of the second data set.
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20. The storage device of claim 18, wherein the energy of
the first data set includes a first preamble energy correspond-
ing to energy from the first preamble pattern, and a second
preamble energy corresponding to energy from the second
preamble pattern; and wherein the energy of the second data 5
set includes a third preamble energy corresponding to energy
from the first preamble pattern, and a fourth preamble energy
corresponding to energy from the second preamble pattern.
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